We present for the first time a coherent ab initio study of 39 states of valence, Rydberg, and ionpair character of the diatomic interhalogen ICl species through large scale multireference variational methods including spin-orbit effects coupled with quantitative basis sets. Various avoided crossings are responsible for a non-adiabatic behaviour creating a wonderful vista for its theoretical description. Our molecular constants are compared with all available experimental data with the aim to assist experimentalists especially in the high energy regime of up to ∼95 000 cm −1 .
I. INTRODUCTION
The first experimental investigation of iodine monochloride was the discovery of a number of faint bands just beyond the convergence of the v = 0 progression around 5755 Å by Gibson ion-pair, 11, 17, [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] and Rydberg 31, 36, 37 states via numerous techniques such as visible absorption spectroscopy, emission spectroscopy, laser-induced fluorescence spectroscopy, vacuum ultraviolet spectroscopy, and micro-and millimeter-wave spectroscopy.
Despite the wealth of experimental data accumulated over all these years the theoretical studies are limited to only a handful of papers. The very first theoretical investigation appeared by Balasubramanian 39 who in 1985 constructed potential energy curves (PEC) for several low lying valence states employing relativistic effective potentials for the I atom and a double ζ Slater basis set for the 4d 10 5s 2 5p 5 / I and all Cl electrons. With an eye to the interpretation of photodissociation processes in the first and second absorption bands at 270 and 470 nm, respectively (e.g., see Refs. 40 and 41 and references therein), Yabushita and co-workers 42 calculated PECs of states dissociating to two ns 2 np 5 2 P 1/2,3/2 state atoms and discussed the avoided crossings and first order non-adiabatic effects. The effect of the long range potential interactions on the polarization of the Cl atoms from the UV photodissociation of ICl has also been investigated 43 combining spectroscopic, ab initio and perturbation theory data. The above two sets of theoretical investigations are supplemented by the study of few ion-pair states 44 and by some earlier publications whose main objective is the combined study of relativistic and correlation effects on the properties of heavy diatomic interhalogens. It is clear that there is an imbalance in what we know about this molecule from an experimental and from a theoretical point of view. With the aim to improve this situation, and at the same time to trigger future work just like the recent velocity map imaging experiments on the photodissociation mechanism of high-lying Rydberg states of molecular iodine via ion-pair states, 46 we report a detailed investigation of several states dissociating adiabatically not only to two valence state atoms, i.e., I or Cl in ns 2 np 5 , 2 P 1/2,3/2 but also to Rydberg states whose PECs display numerous avoided crossings due to ion-pair states, to electrostatic and spin-orbit (SO) effects, creating that way a "marvelous" non-adiabatic milieu for the nuclear motion.
From a computational point of view, diatomic (inter) halogens XX (X, X = F, Cl, Br, and I) are species of intricate difficulties due to the rather large number of valence (7 + 7 = 14 e − ) and core (or subvalence) electrons (18(I) + 8(Cl) = 26 e − ) as well as to the Rydberg character of their excited states intermingled with charge-transfer (or ion-pair) states. 47 Apart from the pure academic interest for their per se study additional interest is found in collisional processes with rare gas atoms forming van der Waals complexes 48, 49 and in solvation effects in He and Xe clusters. 50, 51 In an effort to shed some light on the electronic structure of ICl, that is relatively speaking poorly known, we have constructed multireference MRCI+SO PECs for several ICl states employing large basis sets.
II. COMPUTATIONAL METHODS
For the ICl diatomic species the first few adiabatic dissociation channels based on a term-order classification scheme according to the Moore/NIST 52 tables along with the resulting 2S+1 molecular states are 52 respectively. The number of states resulting from this limited set of adiabatic channels is extremely large and practically impossible to calculate in its totality by any computational method available today. It is also clear that the complexity would be enormous while any post Born-Oppenheimer (BO) treatment for the nuclear motion problem should be well focused on the experimental problem to be solved since a general "all states of the same symmetry treatment" may be simply intractable.
We Fig. 1 ). Disregarding for the moment the large SO effects that cause the S symmetries inappropriate for the study of its electronic spectroscopy we would like to give some insights on the bonding nature of the above states based on the traditional and chemically intuitive valence bond Lewis (vbL) structures.
III. RESULTS AND DISCUSSION
The two + and − states result from the
Cl , respectively. It is rather straightforward to understand that only the (0,0) combination will result in a chemically bound system while the (±1, ∓1) combinations of ± symmetries will be unbound. Pictorially we have the following vbL icon for the σ −bonded 1 + state resulting from the (0, 0) fragments, The second 1 + state dissociating to the ( ± 1, ∓1) combination of two rather dissimilar ( r 5p / r 3p = 1.36 57 ) atoms does not allow any bonding interaction, the same also holds true for the − and ( ± 1, ± 1) symmetries. The states result from either the (0, ± 1) or the ( ± 1, 0) atomic combinations offering the possibility for two 3e − −2 c(enter) bonds with the 3 state being substantially bound while its singlet analog is of quasi bound character. So, within the S scheme only two states, the 1 + and the 3 , are bound while the rest 10 2S+1 states are repulsive; see the inset of Fig. 1 . The inclusion of the SO effects changes completely the morphology of most of the PECs as can be seen in Fig. 1 , revealing a number of bound states not present in the S energy scheme. All 2S+1 states dissociating to two ground state 2 P atoms have been state averaged at the CASSCF level thus creating a common set of molecular orbitals. For all these ± states we have calculated the MRCI wavefunctions which were used in the construction and diagonalization of the SO Hamiltonian matrix (36 × 36) . Two sets of MRCI and MRCI+SO calculations were done for the same set of 2S+1 and states differing in the size of the reference space employed for the generation of the single and double excitations. In the first set of calculations the internal space of the CI resulted from the distribution of 14 (7 + 7) e − in 8 (3s + 3p + 5s + 5p) valence orbitals giving rise to 5. It is interesting to present in some detail the results of the X 1 + state of I 35 Cl, a state that is the least "perturbed" by the SO effects. We will firstly comment on the CV correlation effects. We have considered in a step by step basis the effect of the 4d 10 (Table I) (Table II) electrons at both the MRCI(+SO), MRCI(+SO+Q) and RCCSD(T) levels of theory. The combined effects of missing electronic correlation and size nonextensivity "errors" with respect to the RCCSD(T) results are pretty large even at the valence correlation level (55 mE h ) graciously corrected at the +Q level of theory; the remaining "error" is ∼ 11 mE h (see Table I ). When including the 4d 10 electrons the MRCI "error" amounts to 160 mE h while at the MRCI+Q level to ∼50 mE h . By considering the entire n = 4 shell, the MRCI "error" is 224 mE h and the MRCI+Q one is 71 mE h . In the light of the above results we should be extreme cautious when interpreting the CV results. At the valence level the equilibrium distance r e is pretty large, i.e., r e (MRCI) = 2.330 Å while at the RCCSD(T) level of theory (r e = 2.324 Å) it gets much closer to the experimental value of r e = 2.32 085 Å. 18 The situation is also good at the C-MRCI(4d 10 RCCSD(T) levels the above molecular parameters are systematically found to be larger than the MRCI ones and this is due to the fact that the RCCSD(T) method being unable to correctly dissociate the molecular states produces steeper PECs.
At Table II . Although the MRCI energy drop due to the additional five "d" orbitals is ∼30 mE h the molecular parameters seem to be rather insensitive with the exception of the D e value at the MRCI+SO level of theory (48.0 vs 44.6 kcal/mol) which is closer to the experimental one (50.20 kcal/mol). The SO effects amount to only 2.4 mE h at both reference spaces, an energy contribution due to the small (2%) presence of the first but rather remote kcal/mol, and T e = 13 742.92 ± 0.06, 18 13 742.9, 15 13 742.9(5) 9 cm −1 in excellent agreement with the obtained theoretical values. As can be seen in Fig. 1 , there are three more states of potential interest that are either bound with respect to their dissociation limit or present local minima, the rest are of repulsive nature and will not be considered any further. The last state to be discussed is of (B ) 0 + symmetry and dissociates adiabatically to I( 2 P 1/2 ) + Cl( 2 P 3/2 ). At the equilibrium distance its wavefunction is an amalgam of four different S states, i.e., Fig. 1 ) is in order since they are predicted to contribute to the absorption bands of the UV photodissociation spectra of ICl. [40] [41] [42] Tonokura et al. 42(a) have found these avoided crossings at 7.05 and 5.4 bohrs, respectively, more recently Yabushita and co-workers 42(b), 42(d) have placed them at 6.84 and 5.38 bohrs, respectively, while we have found them at 7.2 and 5.6 bohrs, respectively. Such differences could in general be significant in the theoretical simulations of the photodissociation dynamics of the ICl; however, we should note that apart of their positions, the nonadiabatic coupling terms, as well as their whole shape, especially in the long-range region, 43 of the underlying PECs have be found 42(c), 43 to play a more significant role. In addition, quantum interference effects between the states produced by the coherent excitation during the photodissociation, 59 have also been found 42(d) to influence the comparison between theoretical calculations and experimental data. Such investigation, involving non-adiabatic quantum dynamics simulations, is beyond the scope of the present article, and thus, it is not possible to comment meaningfully on the relevance of the calculated PECs on the experimental measurements of the photofragment branching ratios, angular momentum polarization, and anisotropy parameters of the ICl.
B. States correlating to a Rydberg I atom
The states to be discussed in this paragraph correlate adiabatically to an I atom of Rydberg nature. Based on preliminary calculations at the CASSCF level of theory we have constructed MRCI PECs for states of 1 + , 1 , 3 − (Fig. 2 ), 1 [4] (Fig. 3) , and 3 [3] (Fig. 4) symmetry "corrected" for by only the diagonal SO effects.
The lowest lying state displayed in Fig. 2 
S ( ) symmetry appear in Fig. 2 34 The highest lying state in Fig. 2 PECs remained identically the same while the 3 ones were split into the = 2, 1, and 0 (the ± symmetry could not be differentiated) components equidistantly separated by E(1←2) = E(0←1) = 12 mE h . Needless to say that the same happens for the 3 state correlating to two ground state atoms but the 2, 1, and 0 components bear little resemblance with the PECs when properly calculated; see Fig. 1 .
The lowest of the 3 states (see Fig. 4 ) correlating to the first Rydberg I atom features two potential minima of ion-pair and Rydberg character as was also the case in the E state of I 2 .
47(a) The global MRCI+SO+Q minimum of ionpair character of the = 2 (r e = 3.366 Å, ω e = 174.7 cm −1 , ω e x e = 0.449 cm −1 , D e = 100 kcal/mol, T e = 39 446 cm −1 ), = 1 (r e = 3.360 Å, ω e = 174.5 cm −1 , ω e x e = 0. Fig. 4 ) that the local minima of all three SO components ( = 2, 1, 0) suffer avoided crossings around their equilibrium distances with the repulsive parts of the same symmetry PECs converging to the (2nd) 3 state dissociating to two ground 2 P atoms. The diabatic states though that can be formed from the two adiabatic ones have the following molecular MRCI+SO+Q constants = 2 (r e = 2.234 Å, ω e = 443.9 cm −1 , ω e x e = 0.837 cm −1 , T e = 54 998 cm −1 ), = 1 (r e = 2.229 Å, ω e = 446.3 cm −1 , ω e x e = 1.756 cm −1 , T e = 57 196 cm −1 ), and = 0 (r e = 2.227 Å, ω e = 447.4 cm −1 , ω e x e = 1.704 cm −1 , T e = 59 330 cm −1 ). Three more states ( = 2, 1, 0) conclude the Rydberg states presently studied, = 2 (r e = 2.278 Å, ω e = 425 cm −1 , T e = 62 535 cm −1 ), = 1 (r e = 2.278 Å, ω e = 371 cm −1 , T e = 64 630 cm −1 ), and = 0 (r e = 2.277 Å, ω e = 387 cm −1 , T e = 66 663 cm −1 ). In Fig. 5 
IV. CONCLUSIONS
We have constructed MRCI+SO potential energy curves for thirty nine states of the diatomic ICl covering an energy range of ∼ 95 000 cm −1 employing effective core potentials and large Gaussian basis sets. The studied states converge adiabatically not only to ground state atoms but also to Rydberg dissociation channels. A general feature of the potential curves is the existence of numerous avoided crossings due to electrostatic and/or spin orbit effects creating an exciting vista for the appearance of non-adiabatic effects. 38 This is especially true for those curves that dissociate to Rydberg I atomic states and present potential minima of both Rydberg and ion-pair character. The extracted MRCI+SO molecular parameters are in acceptable agreement with the experimental data. However, by considering the +Q correction, the MRCI+SO+Q results are dramatically improved providing very good, and in some cases, excellent agreement with experiment. Thus the present study will serve preciously to the experimental community for the wealth of information it contains. The (inter)halogen diatomics proved to be of intrinsic difficulties due not only to the large number of electrons involved but also of the nature of the intervening excited states and we do hope that future theoretical work will focus on the specific problems raised herein.
